This ad hoc committee was formed following the workshop on reconciliation of approaches to bacterial systematics (8) because it was realized that the "purple bacteria and their relatives," now termed proteobacteria at the class level (6), formed a major and very diverse assemblage consisting of a related set of lineages ("alpha," "beta," "gamma," and "delta" groups at the level of subclass [7, 91 or "superfamilies" [2]) recognized on the basis of homologies within the sequences in their rRNA. This complex assemblage of bacteria, important in all aspects of bacteriology, was evidently based on a stem that included phototrophy but had evolved to include a great variety of other physiological capabilities. The diversity of this class presents taxonomic problems at a number of levels, particularly in approaching ranks above the level of genus. Aside from the need to understand the nature of bacterial evolution and interpret the traces left in macromolecular semantides (9, lo), there were more obvious and practical problems presented by established genera founded on phenotypic attributes which show genetic heterogeneity and by phylogenetic groupings encompassing an extreme variety of phenotypes (6).
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There was agreement with the opinion of the earlier ad hoc committee, that the combination of the best of phenotypic studies and the conclusions developed from phylogenetic analyses can develop effective grouping, often expressing similar conclusions about natural hierarchic structure. There was agreement that the sequences represented in rRNAs provide the only resource so far recognized for both discerning and testing phylogenetic associations that has the appropriate qualities of universality, genetic stability, and conservation of structure. It was evident that bacteriologists and taxonomists should be encouraged to recognize that modern natural classification requires as complete a data set as possible, integrating phenotypic and genotypic information. No single method in either area is sufficient for all taxa. For these reasons, it was concluded that the acquisition of high-quality data and a mechanism for access to it are essential for future development of taxonomic conclusions.
Application of phylogenetic data. It was previously established that DNA-DNA hybridization is the standard arbiter for the designation of species, and a molecular definition of species was recommended (8) . Phylogenetic relationships have been assessed at all taxonomic levels by analysis of rRNA and/or of the gene that encodes it. Current analyses involve the application of DNA-rRNA hybridization, 5s rRNA nucleotide sequencing, 16s rRNA nucleotide sequencing (cataloging of RNase T1 products, partial or complete sequencing), and 23s rRNA-rDNA nucleotide sequencing. Data obtained from these methods provide the best basis at the present time for determining phylogenetic relationships among all bacteria. However, differences in evolutionary rates in various groups of organisms, as well as other considerations mentioned below, prevent the use of phylogenetic parameters alone in delineating taxa. Therefore, the integrated use of phylogenetic and phenotypic characteristics, or polyphasic taxonomy ( I ) , is necessary for the delineation of taxa at all levels from kingdom to genus.
For such analyses to be accurate and universally applicable, it is essential to start with the type strain of the type species for the genus or genera under study. To determine the phylogenetic depth of a genus, one must use type strains of the two most divergent species, which should be selected by DNA-DNA hybridization or another appropriate phylogenetic measure andlor by consideration of phenotypic characteristics. It is frequently essential and always advantageous to use additional, authentic, well-characterized reference strains.
The largest, and only formally designated, major grouping based on phylogenetic principles within the eubacteria in the division Gracilicutes is the class Proteobacteria (6). The class Proteobacteria, containing some 200 genera encompassing a large proportion of gram-negative bacteria, can be divided into at least five subclasses: alpha (about 50 genera), including budding and prosthecate bacteria, Rhodopseudomonas spp. and related phototrophs, rickettsias, and mitochondria; beta (about 30 genera), including Rhodocyclus spp., the Neisseriaceae, the Alcaligenaceae, and ammonia oxidizers; gamma (80 genera), including the Chromatiaceae, Ectothiorhodospiraceae, Enterobacteriaceae, Aeromonadaceae, Vibrionaceae, Legionellaceae, and Pasteurellaceae and Pseudomonas spp. sensu stricto; delta (15 genera), including Bdeltovibrio spp., the Myxococcaceae, and sulfur and sulfate reducers; and a fifth, as yet unnamed, subclass that includes Campylobacter, Wolinella, Helicobacter, and Thiovulum spp. These relationships were determined by several different methods, the results of which cannot be directly merged. Problems, which will be discussed below, arise from the inability to integrate phylogenetic parameters, the use of methods with different sensitivities, the use of rRNA molecules with different information contents, unbalanced representation of genera and species, inadequate quantity and quality of strains, computer programs that generate different trees, the weighting of nucleotide composition and how this is done, and, lastly, the unavailability of many sequences because they have not been published or are retained as privileged information.
Some of these problems would be alleviated by systematic comparison of DNA-rRNA hybridization and various sequencing methods, extension of the data base to underrepresented taxa, and awareness that apparent differences in tree construction may be due to differences in computer algorithms. Almost all of the different computer programs currently available result in different tree topographies. We recommend the use of programs which take care of differences in evolutionary rates (4, 5 ) , especially when phylogenetically broad groupings are included.
Despite these methodologic problems, the overall phylogenetic relationships are consistent and convincing, with very few obvious discordances. The integration of chemotaxonomic and other phenotypic markers so far supports and confirms these relationships. It is quite obvious that phylogenetic data alone are insufficient to provide an adequate description of genera or taxa of any rank above species and that coherent phenotypic characteristics are essential for both description and recognition. In fact, more than 95% of all genera examined to date provide essentially perfect correlation of phylogenetic and phenotypic characteristics. With some notable exceptions (including, e.g., the Chromatiaceae, Enterobacteriaceae, Vibrionaceae, Aeromonadaceae, Legionellaceae, Neisseriaceae, Alcaligenaceae, Rhizobiaceae, and Halomonadaceae), adequate phenotypic data are still lacking for taxa above the genus level.
Because a polyphasic approach, including phenotypic and phylogenetic data, is essential for designating taxa, descriptions of new genera should, whenever possible, include either sequencing or hybridization data. Whenever sequence data are indicated as being decisive in a paper, the author should provide or make available the sequence in question; editors are encouragpd to see that this is done. The optimal methods for determining phylogenetic relationships above the species level are DNA-rRNA hybridization and 16s rRNA sequencing of 1,000 or more bases. 23s rRNA may provide greater sensitivity for some applications but need not be done routinely. 5s rRNA can be useful (3), but the limitations resulting from the size of the macromolecule must be recognized. When comparing results to published sequences, be aware of non-type-strain data. In the absence of a type strain sequence, authentication of a strain on the basis of species-level DNA-DNA relatedness to the type strain should be satisfactory (8).
All sequences from which phylogenetic and taxonomic conclusions have been derived should be published or made available through data banks. This must be done not only for the organisms under investigation but also for the reference strains used in tree construction. Failure to do so has resulted in the inability to test the proposed phylogenetic conclusions and prevents the building of a data base available to all scientists. Restriction of sequence information to small fragments allows recognition of taxa and may be useful for identification but is of questionable value in deriving phylogenetic conclusions.
Correlation of chemotaxonomic data. Phylogenetic data (rRNA sequencing or rRNA-DNA hybridization) provide a hierarchic framework of the relationships among bacterial species but do not provide any effective information for the circumscription of taxa above the species level. Alternatively, chemotaxonomic markers and genetic transformation are unevenly distributed but rarely give information on the hierarchic rank of the taxa studied. There is, however, good evidence in bacterial systematics of congruence between the distribution of specific chemical markers and the relative position of species in phylogenetic trees. The use of chemotaxonomic markers can be expected to help in delimiting groups of related species, as in the following examples. (i) De Ley's superfamily I (i.e., a part of the gamma grouping) contains the Enterobacteriaceae, Aeromonadaceae, Vibrionaceae, and Pasteurellaceae and Alteromonas spp. However, only the Enterobacteriaceae, Aeromonadaceae, and Vibrionaceae and Pasteurella spp. have a complete glucose: phosphotransferase system associated with the EmbdenMeyerhoff pathway allowing for sugar fermentation. Weighting of this property would lead to the exclusion of Alteromonas spp. from superfamily I. (ii) DNAs from 17 Acinetobacter genomic species can all transform a competent strain of A . calcoaceticus. The DNAs from other genera do not cause transformation. Genetic transformation can also delineate groups of "true" Haemophilus or Neisseria species. (iii) All Legionella species have a significant amount of branched-chain fatty acids.
Chemical markers are known to be of use in circumscribing numerous species among actinomycetes and the aerobic catalase-positive cocci, but to date, these have been sought to a lesser extent among the proteobacteria. An important objective in proteo bacterial systematics, therefore, should be the thorough examination of representative strains from diferent branches to highlight appropriate chemical markers for the definition of taxa above the species level. Although the acquisition of sequence data may be limited to type strains and strains showing the greatest biochemical heterogeneity within a taxon, chemotaxonomic studies should be as inclusive as possible to ensure that all species in a genus or all genera in a family, etc., exhibit the appropriate and consistent characteristics.
The primary structure of macromolecules may reflect the natural relationships of taxa, but it is not always practical to apply this criterion in the face of existing taxonomies based on a few phenotypic properties. Nevertheless, we emphasize again that nomenclature should reflect genomic phylogenetic relationships to the greatest extent possible (8) and that all preconceived notions ought to be reexamined within this context. It is now urgent that greater emphasis be given in research to discover and recognize simple phenotypic markers that can be weighted for classification and identification but which can be used to supplement and evaluate phylogenetic relationships.
Taxa showing major problems will have to be reconstructed. Data derived from the comparative studies discussed above should help to resolve taxonomic problems such as Plesiomonas shigelloides (oxidase positive) branching into the Enterobacteriaceae (oxidase negative), relationships within the Legionellaceae, relationships within the Campylobacter-Helicobacter-Wolinella group, and relationships within the methylotrophs and the thiobacilli.
On the basis of DNA-rRNA hybridization and/or rRNA sequence data, certain taxa (e.g., the genera Pseudomonas, Thiobacillus, and Aquaspirillum, etc.) have turned out to be so heterogeneous that many of the species involved can no longer be united at the genus level. The reclassification of these genera has been postponed in part because of the lack of reliable chemotaxonomic and/or phenotypic markers supporting an accurate phenotypic definition. Research in this field is to be encouraged. The International Committee for Systematic Bacteriology (ICSB) subcommittees involved should support encourage, and stimulate this polyphasic approach. This will probably require the recommendation of standardized determinative methods to allow comparison of the nonclassical or new characteristics to be determined in different laboratories. Reliable taxonomic markers have to be sought (e.g. polyamine, fatty acid, isoprenoid quinone, and polar lipid patterning and cell envelope biochemistry, including pigments, enzymological profiling, immunodiffusion technique, and polyacrylamide gel electrophoresis of cell proteins, to name but a few) to apply to the genus level and possibly to higher taxa.
Taxonomic consequences. Thefirst step in the identification of bacteria is assignment of organisms to genera. Therefore, the greatest clarity in circumscription and utility in the choice of characteristics must be accorded to the level of genera. It is completely impracticable to define genera solely on the basis of phylogenetic data. Genera need to be characterized by using phenotypic properties, even i f the choice of phenotypic markers might change given the development of better tests. A degree offlexibility is necessary in the definition of genera. In cases in which there is disparity between phylogenetic and phenotypic data, priority should be provisionally given to the latter. In such instances, further detailed comparative studies of the phenotype should be encouraged to resolve the apparent disparity so that classgcation reJlects phylogenetic relationships.
Consequences for research and its support. Extraordinary opportunities are now open for major steps to be taken in understanding the systematics and evolution of the microbes of the biosphere. The techniques are available to answer questions at the level of macromolecular sequences, coupled with advances in instrumentation permitting more precise measurement of metabolism and metabolic pathways, as well as the structure and biochemistry of microorganisms. Therefore, microbial systematics is at the threshold of a new understanding of developmental biology and deserving of special consideration by the agencies granting funds in aid of research. In particular, this area of research involves recognition of details of the regulatory mechanisms governing heredity and differentiation, which is information that may be extrapolated to higher organisms, including humans. However, the consequence is that microbial systematics and the characterization of bacteria are no longer relatively inexpensive enterprises but have become technologically diverse and expensive. The techniques now include those of molecular biology; the reagents include enzymes, radioisotopes, costly equipment, etc., while the work itself has become both cost and labor intensive. The result is that fully effective polyphasic taxonomy is too expensive for a single laboratory to undertake. A major expense is that of obtaining, maintaining, and distributing cultures for systematics research; this expense is rarely accorded budgetary support and is a most important component of a systematics project.
Clearly, centers of excellence in microbial systematics are a mechanism for achieving the goals of polyphasic taxonomy both to conduct their own systematics studies and to provide much-needed assistance to the laboratories of the world. Several approaches can be taken. Those laboratories that are advanced in specific aspects, e.g., nucleic acid sequencing, numerical taxonomy, or chemosystematics, should be funded as a part of the network of systematics research centers. Alternatively, or in parallel, a few centers could be funded as centers of microbial systematics, with the necessary instrumentation, support personnel, etc. to undertake advanced taxonomic research and teaching but also could be included in the network to provide for and to ensure availability of collaboration and to encourage coordination.
Consequences for the ICSB and its subcommittees. Most ICSB subcommittees were set up before it was possible to define bacterial taxa objectively. It is not surprising, therefore, that some subcommittees have responsibilities for taxa that are unrelated from a phylogenetic point of view and that others have to deal with an ever growing number of genera. On the other hand, many genera are not considered by any of the existing subcommittees. Given this situation, it would be timely to review the ICSB subcommittee structure and to encourage existing subcommittees to reconsider their merits in order to further eflective comparative taxonomic studies.
There is no structure within the ICSB subcommittee system for examining higher groupings of genera. Therefore we recommend the establishment of one or more subcommittees with responsibilities for circumscribing higher categories of bacteria and assessing the methods used to generate and analyze phylogenetic data.
